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ABSTRACT

Aims. Permittivity measurements on porous samples of volcanic origin have been performed in the 0.05-190 GHz range under labo-
ratory conditions in support of the Rosetta mission to comet 67P/Churyumov—Gerasimenko, specifically with the MIRO radiometric
experiment and CONSERT radar experiment.

Methods. The samples were split into several subsamples with different size ranges covering a few um to 500 um. Bulk densities of
the subsamples were estimated to be in the 800 to 1500 kg/m® range. The porosities were in the range of 48% to 65%. From 50 MHz
to 6 GHz and at 190 GHz, permittivity has been determined with a coaxial cell and with a quasi-optical bench, respectively.

Results. Without taking into account the volume-scattering effect at 190 GHz, the real part of the permittivity, normalized by the bulk
density, is in the range of 2.1 to 2.6. The results suggest that the real part of the permittivity of an ice-free dust mantle covering the
nucleus is in the 1.5-2.2 range at 190 GHz. From these values, a lower limit for the absorption length for the millimeter receiver
of MIRO has been estimated to be between 0.6 and 2 cm, in agreement with results obtained from MIRO in September 2014. At
frequencies of interest for CONSERT experiment, the real part of the permittivity of a suspected ice-free dust mantle should be below
2.2. It may be in the range of 1.2 to 1.7 for the nucleus, in agreement with first CONSERT results, taking into account a mean tem-
perature of 110 K and different values for the dust-to-ice volumetric ratio. Estimations of contributions of the different parameters to
the permittivity variation may indicate that the porosity is the main parameter.

Key words. comets: individual: 67P/Churyumov-Gerasimenko — techniques: radar astronomy — methods: laboratory: solid state —

comets: general — methods: data analysis

1. Introduction

The European Space Agency’s Rosetta spacecraft has been
orbiting the nucleus of comet 67P/Churyumov-Gerasimenko
(hereafter 67P) since August 2014 and dropped the Philae lan-
der onto its surface in November 2014, allowing it to col-
lect data for about 63 h. Some of the numerous instruments
carried by Rosetta and Philae make use of remote-sensing
radar techniques in the millimeter to meter domain to con-
strain the properties of the subsurface and interior of 67P. The
Microwave Instrument for the Rosetta Orbiter (MIRO), de-
scribed by Gulkis et al. (2007), is a dual-band radiometer com-
posed of a millimeter receiver with a center-band frequency
equal to 190 GHz (i.e., wavelength, A, equal to 1.6 mm in the
vacuum) and a submillimeter receiver with a center-band fre-
quency equal to 560 GHz (i.e., A = 0.5 mm in the vacuum).
It is dedicated to measurements of the near-surface brightness
temperatures and temperature gradients in the uppermost lay-
ers of 67P. Brightness temperatures measured by a radiome-
ter are related to the thermal and physical properties of the
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material via its dielectric properties, which are included in in-
verse models used to interpret the data (Gulkis et al. 2010, 2012,
2015). The COmet Nucleus Sounding Experiment by Radiowave
Transmission (CONSERT), described by Kofman et al. (1998,
2007), is a bistatic penetrating radar for tomography of the nu-
cleus, operating at 90 MHz (i.e., A = 3.3 m). The optimization of
the investigations depends on the three-dimensional distribution
of dielectric properties, which define, first, the interaction of the
radar wave with the surface and second, its propagation vector
inside the nucleus (Heggy et al. 2012).

The dielectric properties of a material are represented by the
complex relative permittivity € (hereafter permittivity) and the
loss tangent, tan 8. The real part of the permittivity €’ is related
to the ability of a material to store and re-radiate energy, while
the imaginary part €”” describes losses in the material, so that the
signal attenuation is proportional to €”. The loss tangent is de-
fined as the ratio of the imaginary part to the real part of the per-
mittivity and is needed in the calculation of the absorption coef-
ficient of a radio-wave that propagates in a lossy medium. These
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properties vary with frequency, temperature conditions, and ma-
terial properties, specifically total porosity (hereafter porosity,
i.e., the percentage of the bulk volume occupied by empty space)
and composition (e.g., Heggy et al. 2012; Ulaby & Long 2014).

The composition of comets has been estimated from a few
flyby missions and from numerous spectroscopic and polarimet-
ric remote observations of their comae. Nuclei are built up of ices
and refractory species, the dominant volatile species being H,O
and the refractory species seeming to be mostly composed of sil-
icates, organics, and amorphous carbon (see, e.g., Cochran et al.
2015, for a review). Early results from experiments operating on-
board Rosetta provide evidence for carbon-bearing compounds
on the nucleus surface, most likely opaque minerals associated
with non-volatile organic macromolecular materials (Capaccioni
et al. 2015).

The bulk density of cometary nuclei, initially indirectly esti-
mated by modeling the non-gravitational forces induced by the
sublimation of ices, had suggested low values, in the 100 to
1000 kg/m? (e.g., Davidsson & Gutiérrez 2005). Comparisons
between such values for specific comets and values derived from
other indirect methods (e.g., for 9P/Tempel 1, Thomas et al.
2007) confirmed these estimations and strongly suggested that
cometary nuclei have a low density and thus a high porosity (e.g.,
Levasseur-Regourd et al. 2009). The value derived from non-
gravitational force modeling for 67P of about 370 kg/m* (Lamy
et al. 2007) agrees fairly well with the value of 470 + 45 kg/m?
derived from Rosetta data by Sierks et al. (2015). These val-
ues imply a porosity in the 70 to 80% range. In addition,
dust particles in cometary comae have also been suggested
to be porous and to consist of easily fragmenting aggregates
(Levasseur-Regourd et al. 2007). From local observations by the
Giotto spacecraft at 1P/Halley, the dust bulk density was esti-
mated to be about 100 kg/m3 (Fulle et al. 2000). Polarimetric
studies of light scattered by dust in the comae of 1P/Halley and
C/1995 O1 Hale-Bopp, combined with numerical simulations,
suggest that a significant proportion of dust particles consists
of fluffy aggregates (e.g., Lasue et al. 2009). Early results from
experiments onboard Rosetta provide evidence for fluffy and
fragile particles in the inner coma of 67P (Schulz et al. 2015);
the presence of large grains and clumps has also been reported
(Rotundi et al. 2015).

Together with the suspected presence of an ice-free dust
mantle in many areas of the nucleus (Thomas et al. 2015), the
porosity is a key parameter for the interpretation of MIRO and
CONSERT data onboard the Rosetta spacecraft. We have devel-
oped a program of permittivity measurements on porous gran-
ular samples of volcanic origin over a novel frequency range
of more than three orders of magnitude (between 50 MHz and
190 GHz) under ambient laboratory conditions. The natural
porosity of samples of volcanic origin has been considered as
a first approximation for the high porosity of cometary mate-
rial, making them suitable, from the point of view of porosity, as
cometary dust analogs.

Previous measurements on Etna volcanic ash and on JSC
Mars-1 Martian soil simulant have been reported in Brouet
et al. (2014). These samples were split into four and three sub-
samples, respectively, whose grain size was in the range of
a few um to 500 yum. Different bulk densities, ranging from
800 kg/m> to 1300 kg/m>, have been obtained during the mea-
surements. Permittivity measurements were performed at 50,
100 and 500 MHz with an open-coaxial probe, at 2.45, 5.6,
8, and 12 GHz with resonant cavities and at 190 GHz with a
quasi-optical bench mounted in transmission. In the current pa-
per we describe in the next section the properties of a newly
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studied sample: the JSC-1A Lunar regolith simulant. New mea-
surements, from 50 MHz to 6 GHz, have been obtained on this
sample, with different grain size ranges and bulk densities, and
also on the Etna subsamples. We present the coaxial cell used
to perform these measurements. We also briefly summarize the
method with which new measurements at 190 GHz have been
obtained on the JSC-1A simulant (see also Brouet et al. 2014).
Finally, the results are analyzed and discussed not only in terms
of frequency dependence of the permittivity, but also in terms
of bulk density and porosity dependence of the permittivity at
frequencies relevant to the MIRO and CONSERT experiments.

2. Sample characteristics and preparation

Our previous permittivity measurements have been performed
on four subsamples of Etna volcanic ash, numbered from 1 to 4,
and three subsamples of JSC Mars-1 Martian soil simulant, num-
bered from 5 to 7 (Brouet et al. 2014). We have also had ac-
cess to five hundred grams of the NASA JSC-1A Lunar regolith
simulant, the chemical composition of which simulates the low-
titanium mare lunar regolith. This sample also corresponds to
volcanic ashes of basaltic composition (Hill et al. 2007), col-
lected on the Merriam Crater’s south flank in Arizona (USA). A
main interest of JSC-1A is that it has already been extensively
documented through a variety of approaches. It mostly consists
of dark and basaltic porous grains and tiny crystallized grains. It
is mostly composed of crystalline silicate phases of plagioclase,
pyroxene, and olivine. Its iron oxide content is estimated to be
about 11%.

For the purpose of this analysis, six more subsamples
were prepared after sieving the new sample, with sizes below
50 um (#8), between 50 and 125 ym (#9), between 125 and
160 um (#10), between 160 and 250 um (#11), between 250
and 355 um (#12) and finally between 355 and 500 um (#13),
as illustrated in Fig. 1. The figure also shows the very irregular
shape of the tiny crystals present in the lowest sized subsample
and the high intrinsic porosity of the larger grains, containing
vesicles formed during the outgassing and cooling of the initial
magma. The packing effect, which depends on grain shape, and
the intrinsic porosity of the grains may vary between the differ-
ent subsamples, resulting in a change of the bulk density (linked
to the porosity). The mean bulk density of each subsample was
determined during the permittivity measurements to be between
50 MHz and 6 GHz (p,), and at 190 GHz (p,), as presented in
Sects. 3.1 and 3.2.

To study the dependence of the permittivity on grain size, a
dimensional analysis by optical microscopy was performed on
a given number of grains N (about 100) to determine a mean
grain size for each subsample (Brouet 2013). The characteris-
tics of the subsamples whose new measurements are presented
here are summarized in Table 1. These are the four subsamples
from Etna and the six subsamples of JSC-1A simulant. The mean
bulk densities are higher for the measurements between 50 MHz
and 6 GHz than for the measurements at 190 GHz, most likely
because of a stronger compaction of the porous grains in the
sample holders dedicated to permittivity measurements between
50 MHz and 6 GHz, as presented in Sect. 3.1. However, it is of
interest to point out that the variation of the bulk density from
one subsample to the next one obtained for the measurements
between 50 and 6 GHz agrees with the one obtained for the mea-
surements at 190 GHz, meaning that the change in bulk density
measured might be also consistent with a change of the poros-
ity from one sample to the next one of the order of a few per-
cent. Alshibli & Hasan (2009) have estimated the mean particle
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JSC-1A

Fig. 1. Scanning electron microscope images of Etna subsamples (#1, #2, #3, and #4) and JSC-1A Lunar regolith simulant subsamples (#8, #9,
#10, #11, #12, and #13), with sizes of about a few to 500 um. Different scales are used to show as best possible both the grain size distribution and
the high intrinsic porosity of individual grains. The white line in the bottom right corner of each image provides the scale, equal to 100 um (#8),

300 um (#1, #2, #9, and #10), and 1 mm (#3, #4, #11, #12, and #13).

density of the JSC-1A simulant to be equal to 2920 kg/m?.
Knowing the relation between the bulk density p, the mean par-
ticle density p, , and the porosity @ (with ® = 1 —p/p,), porosi-
ties of all JSC-1A subsamples are estimated to be in the range
of 48 to 58% during the measurements between 50 MHz and
6 GHz and in the range of 52 to 62% during the measurements
at 190 GHz. Assuming that the mean particle density of the JSC-
1A simulant is also relevant for the Etna volcanic ash, which is
also composed of basaltic porous grains, porosities of all Etna
subsamples were estimated to be in the range of 52 to 59% dur-
ing the measurements between 50 MHz and 6 GHz and in the
range of 58 to 63% during the measurements at 190 GHz. The
values of mean bulk densities are higher and the porosities of the
current samples are lower than those expected for the nucleus of
the comet 67P, but they are, at least, representative of a material
built up of porous solid particles.

Microwave interacts with water molecules, leading to an
increase of the permittivity of the sample with the increasing
moisture (e.g., Sabouroux & Ba 2011). To remove some possi-
ble adsorbed moisture, a moisture analyzer was used to dry all
the samples and to estimate their volumetric moisture content
(found to be in the range of 0.1% to 0.6%) before any measure-
ments between 50 MHz and 6 GHz. The subsamples were also
dried in an oven for 24h at 373 K before any measurements at
190 GHz.

3. Instrumentation

Measurements of the real part of the permittivity between
50 MHz and 6 GHz on Etna and JSC-1A subsamples were
performed in 2014 at Institut Fresnel (Marseille, France).
Measurements of €” for low-loss materials (i.e., tan 6 much
lower than 1), such as the samples presented in the current paper,

are challenging between 50 MHz and 6 GHz because of tech-
nical reasons (Heggy et al. 2012). Therefore, even though the
imaginary part of the permittivity was determined over this fre-
quency band for all subsamples, it is not presented in this pa-
per because specific improvements of the setup, currently in
progress, are needed to make the values more accurate. There
are no consequences for the purpose of the current paper (see
Sect. 4.3.5). Permittivity measurements at 190 GHz on JSC-
1A subsamples has been performed in 2013 (Brouet 2013) at
the LERMA laboratory (Observatoire de Paris, France). All the
measurements were performed under ambient laboratory condi-
tions, with a temperature in the 293-300 K range and a relative
humidity in the 37-48% range during measurements at 190 GHz
and in the 50-60% range during measurements at lower frequen-
cies. Temperature and relative humidity variations (i.e., air mois-
ture) are not expected to alter the measurements, given the very
little variation of the real part of the permittivity of the air inside
the experiments (about 107 to 5 x 107>, following Fawley &
Ferrie 2012).

3.1. Measurements with a conical coaxial cell
between 50 MHz and 6 GHz

Between 50 MHz and 6 GHz, values of €’ were determined with
a coaxial cell connected to a vector network analyzer (VNA) and
equipped with a sample holder that can contain any kind of non-
gaseous material: solids, semi-solids (powdered materials), and
liquids. The cell is segmented into three parts (cf. Fig. 2): the
central containment area of material sample, the transition lines,
and the connectors (precision connectors of 7 mm outer diam-
eter, i.e., PC7). The outer diameter of the containment area is
equal to 13 mm, allowing a larger volume of material for the
measurements than the work area of a standard straight coaxial
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Table 1. Main characteristics of the four subsamples from Etna and of the six subsamples from JSC-1A simulant.

Sample  # m(g N, ¢xo,um) p xo;kgm’) p oy kgm) (%) (%)
1 0.5 81 36+ 15 1203 + 26 1085 + 14 59 63
Etna 2 14 80 115+ 35 1389 + 53 1236 + 10 52 58
3 48 84 283 + 67 1329 + 26 1190 + 15 54 59
4 64 96 506 + 60 1349 + 19 1207 + 13 54 59
8 56 91 24 +9 1375 £ 32 1285 + 8 53 56
9 56 93 74 + 28 1504 + 28 1395 + 6 48 52
ISC-1A 10 10 95 164 + 21 1395 + 22 1237 £ 22 52 58
11 28 86 248 + 39 1438 + 15 1228 + 11 51 58
12 21 90 347 + 43 1370 + 90 1166 + 8 53 60
13 9 87 544 + 59 1236 + 15 1103 + 27 58 62

Notes. m is the total available mass, N the number of grains used for dimensional analysis, ¢ the mean grain size, and o, its standard deviation.
For permittivity measurements between 50 MHz and 6 GHz, p, (with o7 its standard deviation) and @, are the mean bulk density and the porosity
of the subsamples, respectively. For permittivity measurements at 190 GHz, p, (with o its standard deviation) and @, are the mean bulk density

and the porosity of the subsamples, respectively.

line. The containment area is delimited by two dielectric walls
in PolyTetraFluoroEthylene (PTFE). The conical geometry of
the transition lines was designed to link the work area to the
PC7. With this original design, handling, containment, and po-
sitioning of the sample are improved compared to the straight
coaxial line, and thus uncertainties related to the material sam-
ple are reduced. For all measurements, the mass of the holder
filled with the sample was determined to estimate the bulk den-
sity of the sample, knowing the filled volume (cf. Table 1). Two
sample holders, with a useful volume equal to about 0.6 cm® and
0.3 cm?, were used (the second one was only dedicated to the
measurements on Etna subsample #1 because of the small avail-
able mass).

The complex scattering parameters S; and S, of the cell
filled with the sample were measured with a calibrated VNA. A
first step of de-embedding allows determining the sample scat-
tering parameters, which takes into account the electrical dis-
tances, d; and d,, the thickness of the sample L (see Fig. 2), the
attenuation coefficient of the coaxial line, and the wavenumber
in vacuum (Georget et al. 2014). Then the Nicolson-Ross pro-
cedure (see Nicolson & Ross 1970; De Paula & Barroso 2010)
was applied to the sample S-matrix to determine €’. The scatter-
ing parameters were measured (again, from 50 MHz to 6 GHz)
over a sweeping of more than 200 frequencies.

More details on the experimental setups and procedure of
measurements are presented in Georget et al. (2014).

3.2. Measurements with a quasi-optical bench at 190 GHz

At 190 GHz, permittivity measurements on JSC-1A subsamples
were performed with a quasi-optical bench mounted in trans-
mission, with two corrugated horns as emitting and receiving
antennas, connected to a VNA working in the millimeter do-
main. These measurements were performed with the same setup
and procedure used to perform permittivity measurements at
190 GHz on the three subsamples of JSC Mars-1 simulant and
the four subsamples of Etna volcanic ash (Brouet et al. 2014).
The transmission coefficient of the millimeter signal generated
by the VNA was measured in phase and amplitude. By placing
the sample at a Gaussian beam waist within the system, phase
rotation and amplitude damping of the signal within a narrow
frequency range allow one to determine €’ and €”, respectively.
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Fig. 2. Image a) and schematic b) of the conical coaxial cell used to
perform the permittivity measurements between 50 MHz and 6 GHz.

Bulk densities of all JSC-1A subsamples were determined dur-
ing the measurements (cf. Table 1).

3.3. Error bar estimation

The data obtained in the frequency band from 50 MHz to 6 GHz
presented in Sect. 3.1 correspond to the mean of three, four, or
five individual measurements for which the sample holder was
filled without any handling or mechanical compaction. The ab-
solute errors on each measurement on a given subsample were
estimated to be the sum of standard deviation and experimental
errors. The standard deviation of a measurement on a given sam-
ple was estimated to be below 10% for €. Experimental error
originates from the measurement of magnitude and phase of the
scattering parameters, line losses, connector mismatching, irreg-
ular sample surface, air gaps between the sample and the coaxial
line, eventually by determining distances between the reference
planes and the sample, and was estimated to be about or less than
10% (Georget et al. 2014).

The data obtained at 190 GHz presented in Sect. 3.2 corre-
spond to the mean of five individual measurements for which
the sample holder was filled without any handling or mechanical
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Table 2. Permittivity measurements at 190 GHz (and at 180 GHz for JSC-1A subsample #13).

Sample v (GHz) ¢=o0sum) p,+o;kgm’) € oo € 0w L/A T,(K) H, (%)
#8 190 24+9 1285+ 8 289£0.02 0051+0016 53 298 37
#9 190 74 +28 1395 + 6 3.17+0.03 0.065+0013 44 297 40
#10 190 164 + 21 1237 22 293+003 0065+0.012 42 300 42
#11 190 248 +39 1228 + 11 299+0.05 0.067+0016 41 298 43
#12 190 248 + 39 1166 = 8 3.16+£0.03 0.102+0.014 28 299 37
#13 180 544 + 59 1103 + 27 3.55+006 0.167+0.014 1.8 299 48

Notes. T, et H, are the mean temperature and the mean relative humidity of the air obtained from temperature and relative humidity recorded
during the measurements. L, /A is the absorption length normalized to the wavelength.
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Fig. 3. Real part of the permittivity normalized by the bulk density versus frequency for subsamples #1 a), 2 b), 3 ¢), and 4 d) from Etna. The
measurements made between 50 MHz and 6 GHz are shown by filled circles, and those at 190 GHz are shown by filled triangles.

compaction. The absolute errors on each measurement on a
given subsample, taking into account the standard deviation (cf.
Table 2) and the experimental errors, were estimated to be be-
low 10% for €’ and below 2% for €”. Experimental errors on the
determination of € and €” are expected to be below 1% using
the method of error propagation and taking into account the er-
rors on the thickness measurements of samples, the signal phase
measurements by the VNA, and the attenuation measurement.

4. Results and discussion

Figures 3a—d show the real part of the permittivity, normalized
by the bulk density, of the Etna subsamples #1, 2, 3, and 4 as a
function of the measurement frequency on a logarithmic scale
between 50 MHz and 190 GHz. Figures 4a—f show the real
part of the permittivity, normalized by the bulk density, of the

JSC-1A subsamples #8, 9, 10, 11, 12, and 13 in the same format.
Measurements of the real and imaginary parts of the permittivity
performed on JSC-1A subsamples with the quasi-optical bench
at 180 and 190 GHz are summarized in Table 2.

The results at 190 GHz can also be expressed in terms of the
absorption length L, (cf. Table 2), that is, the distance over which
a collimated power flux decreases by a factor e. This parameter
characterizes how deep an electromagnetic wave can penetrate a
lossy medium. For low-loss materials, L, /A can be approximated
as (Campbell & Ulrichs 1969)

\/?

L,
_— = —, l
A 2me’” M

showing that the smaller the dielectric losses, the greater the ab-
sorption length.
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Fig. 4. Real part of the permittivity normalized by the bulk density versus frequency for subsamples #8 a), 9 b), 10 ¢), 11 d), 12 e), and 13 f)
from JSC-1A Lunar regolith simulant. The measurements made between 50 MHz and 6 GHz are shown by filled circles, and those at 190 GHz are

shown by filled triangles.

4.1. Frequency dependence of permittivity

For all Etna subsamples, the normalized real part of the permit-
tivity over the frequency range remains within the 2.1-2.6 range,
except for subsamples #3 and 4, for which the values are equal
to about 2.7 and 3.3, respectively, at 190 GHz. The normalized
imaginary part measured at 190 GHz remains below 0.10, ex-
cept for subsamples #3 and 4, for which the values are equal to
about 0.12 and 0.25. These discrepancies for results regarding
subsamples #3 and 4 are discussed in Sect. 4.2.

The normalized real part of the permittivity of JSC-1A sub-
samples over the frequency range is in the range of 2.1 to 2.5
except for subsamples #12 and 13 at 190 GHz, while the nor-
malized imaginary part measured at 190 GHz remains below
0.06 for all subsamples, except for subsamples #11, 12, and 13.
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These discrepancies for results regarding the subsamples #11, 12
and 13 are discussed in Sect. 4.2.

To summarize, the results appear to be consistent over a fre-
quency range of more than three orders of magnitude although
two different instruments were used. Not taking into account the
highest sized subsamples affected by volume scattering (only at
190 GHz, see Sect. 4.2), slight variations of the real part normal-
ized by the bulk density of the permittivity are observed over the
frequency range for all subsamples. This behavior of € is ex-
pected for this frequency range (e.g., Campbell & Ulrichs 1969;
Ulaby & Long 2014).

4.2. Volume-scattering effect at 190 GHz

At 190 GHz the results present a systematic increase of the per-
mittivity when the mean grain size becomes greater than 200 um
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Fig. 5. Real part a) and imaginary part b) of the permittivity € normalized by the bulk density (g/cm?) as a function of the ratio of the wavelength
(corresponding to the frequency of 190 GHz) to the mean grain ¢ size for Etna and JSC-1A subsamples. The solid lines represent the exponential
regressions of the measured points, expressed as g(1/¢) = a x eV/9*® + ¢, Panel a): a equal to 4.13 + 1.72 and 3.75 + 0.61; b equal to —0.51 +0.13
and —0.48 + 0.05; ¢ equal to 2.40 + 0.05 and 2.28 + 0.02, for the Etna and the JSC-1A subsamples, respectively. Panel b): a equal to 0.80 + 0.34
and 0.59 + 0.14; b equal to —0.45 £ 0.13 and —0.59 + 0.08; ¢ equal to 0.06 + 0.01 and 0.050 + 0.003, respectively.

(cf. Table 2). When the grain size becomes comparable to the
wavelength, volume scattering may become significant enough
to control the measurement of permittivity values of JSC-1A
subsamples #11, #12, and #13. Volume-scattering effects on per-
mittivity measurements at 190 GHz have previously been ob-
served for the Etna subsamples during measurements with the
same instrument and procedure. Figure 5 shows the variation of
the real and imaginary parts of the permittivity normalized by
the bulk density (¢'/p and €”/p) as a function of the ratio of the
wavelength to the mean grain size (1/¢) for Etna and JSC-1A
subsamples. The variation of €’/p and €”/p ratios with the de-
creasing A/¢ ratio suggests an exponential increase when A/¢ be-
comes smaller than about 8. No such effect is obtained for the
measurements at lower frequencies for which the wavelength is
much longer than the grain size for any subsamples.

4.3. Discussion
4.3.1. Comparison with other measurements

Although our samples are subdivided into subsamples with dif-
ferent grain size distributions, the results may be compared to
previous measurements on volcanic ashes and on powdered sam-
ples from crushed rocks.

For comparisons with samples formed with similar pro-
cesses, it is interesting to mention results of permittivity mea-
surements between 4 and 19 GHz obtained by Adams et al.
(1996) on volcanic ashes of basaltic composition: the real part
of the permittivity is in the range of 3.45 to 3.70. Knowing
that these results have been obtained with samples with a lower
porosity of about 40%, they are consistent with our measure-
ments obtained between 1 and 6 GHz for € for all subsam-
ples. Moreover, our measurements at frequencies between 1 and
6 GHz of the subsamples from JSC-1A simulant agree with those
performed at 31 GHz by Calla & Rathore (2012) on the initial
JSC-1A simulant. They obtained a real part of the permittivity
equal to 3.61 + 0.05 and an imaginary part equal to 0.11 + 0.01,
at 300 K for a bulk density equal to 1500 kg/m?, resulting in a
normalized real part equal to about 2.40 and a normalized imag-
inary part equal to about 0.07. In our previous work, permittivity
measurements on the same Etna subsamples were made with an
open coaxial cell at 50, 100, and 500 MHz and resonant cavities

at 2.45, 5.6, 8, and 12 GHz. Values of the real part of the per-
mittivity over the frequency range are also consistent with the
current work for Etna subsamples #1, 2, and 3.

Campbell & Ulrichs (1969) have measured dielectric proper-
ties of powdered basalts with a grain size equal to about 37 um at
450 MHz and 35 GHz on samples obtained from crushed rocks.
Their results have been obtained at 450 MHz for ¢ and with a
porosity of 40%. These results are consistent with the current
measurements for €, which do not show a significant depen-
dence on the frequency and particle size distribution either, as
noted by Campbell & Ulrichs (1969). In addition, Heggy et al.
(2012) measured the dielectric properties of three ordinary chon-
drites and of a mesosiderite reduced in fine powder. For com-
pacted samples with a porosity of about 30%, they obtained val-
ues of the real part of the permittivity greater than 4.5 between
5 and 100 MHz at room temperature. These values are consis-
tent with the current results on Etna and JSC-1A subsamples for
which measurements have been obtained with non-compacted
subsamples, resulting in lower values of €.

4.3.2. Bulk density dependence of the permittivity

The denser the medium, the greater the energy storage and the
dielectric losses, and hence the greater the real and imaginary
parts of the permittivity (see, e.g., Ulaby & Long 2014). Figure 6
shows the real part of the permittivity obtained from measure-
ments on the Etna subsamples and on the JSC-1A subsamples
at 80 MHz, 110 MHz, and 190 GHz as a function of the bulk
density, without taking into account the results affected by the
volume scattering. The results suggest, as a first approximation,
that €’ decreases quasi-linearly with the decreasing bulk den-
sity. This result agrees with the bulk density dependence derived
from mixing formulae, which predict a quasi-linear increase of
the permittivity with the increasing bulk density for this range of
bulk densities (Campbell & Ulrichs 1969).

4.3.3. Temperature dependence of the permittivity

Our measurements were made at room temperature between
293 K and 300 K. Surface and subsurface temperatures of 67P,
as obtained from Rosetta during the second half of 2014, were
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Fig. 6. Real part of the permittivity €’ versus bulk density p (kg/m?).
Results obtained for the Etna and JSC-1A subsamples are presented at
80 MHz, 110 MHz, and 190 GHz. The solid line and the two dotted lines
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lower. From the VIRTIS instrument, Capaccioni et al. (2015) de-
termined surface temperatures of the nucleus to be in the range of
180 to 230 K during daytime. From MIRO, Gulkis et al. (2015)
provided values for subsurface temperatures in the range from 40
to 190 K, in good agreement with theoretical near-surface tem-
peratures predicted before the Rosetta rendezvous (e.g., Prialnik
et al. 2004; De Sanctis et al. 2005). These temperature variations
would lead to a variation of the permittivity.

A linear temperature dependence of the real and imaginary
parts of the permittivity is suggested by the measurements of
Calla & Rathore (2012) on the initial JSC-1A simulant per-
formed at 1.7, 2.6, 6.6, and 31.6 GHz with a weaker linear tem-
perature dependence at higher frequencies. For the real part,
the slope varies from (2.6 + 0.2) x 107> K~! at 1.7 GHz to
(4.7 £ 0.7) x 107* K~! at 31.6 GHz for €’. Measurements also
show a small linear temperature dependence for the imaginary
part with a slope equal to (8 + 2) x 107> K~! at 31.6 GHz. From
300 K, the decrease €” with the decreasing temperature is as-
sumed to be of approximately 10, 20, and 40% at 230, 180, and
40 K, respectively.

For the lower frequencies, Heggy et al. (2001) measured the
temperature dependence of the permittivity of a powdered basalt
at 2 MHz and found a decrease of about 6% from 300 K to 230 K
for the real part of the permittivity and no significant change for
the imaginary part. At 90 MHz, Heggy et al. (2012) measured
the temperature dependence of the permittivity of a powdered
LLS5 chondrite from 233 K to 113 K and found a linear tempera-
ture dependence with a slope equal to about 9.7 x 1073 K~!. The
temperature dependence of the permittivity seems to be greater
at lower frequencies, in agreement with the results obtained by
Calla & Rathore (2012). More measurements are still needed
to better estimate the temperature dependence of the imaginary
part of the permittivity and also to estimate the temperature de-
pendence of the permittivity at temperatures lower than 110 K.
Both powdered basalt and LL5 chondrite are likely to be less
porous than our samples, which consist of porous grains.
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4.3.4. Significance for MIRO observations
of the nucleus of 67P

MIRO, the passive microwave experiment onboard Rosetta,
needs estimates of the permittivity of the surface and subsurface
of the nucleus of comet 67P to interpret the data. The current
measurements on what one might regard as appropriate analogs
for the refractory component of a cometary nucleus, may pro-
vide relevant measurements for this experiment by estimating
the bulk density dependence and porosity dependence of the per-
mittivity measured at one of its frequencies of interest. Taking
into account the expected mean bulk density, mean porosity, and
composition of the nucleus, these results may give insights that
allow us to estimate the permittivity of the first centimeters of
regions that are composed of an ice-free dust mantle.

Measurements at 190 GHz on JSC-1A subsamples, with-
out taking into account those affected by volume scattering,
are consistent with results obtained from previous permittiv-
ity measurements (Brouet et al. 2014) for which a quasi-linear
relation between the real part of the permittivity and the bulk
density was suggested. Figure 7 shows that the porosity depen-
dence of the permittivity, derived from the current measurements
(as discussed in Sect. 2), provides a real part of the permittiv-
ity within the 1.90-2.35 range for the expected mean poros-
ity of the nucleus ranging from 70 to 80%. Assuming that the
range of the bulk density determined for the whole nucleus (i.e.,
420-520 kg/m?, Sierks et al. 2015) is also representative of the
bulk density of non-icy regions at the surface and that the mean
particle density of an ice-free dust mantle is within the range
from 2500 kg/m?® (CI chondrites, e.g., Consolmagno & Britt
1998) to 3500 kg/m? (typical silicates), the porosity for an ice-
free dust mantle is within the 75-88% range. With these values,
an ice-free dust mantle with a temperature of about 300 K may
have a real part of the permittivity in the range of 1.54 to 2.12. A
temperature of about 300 K may be reached by the surface and
the subsurface when the comet approaches perihelion in August
2015 (De Sanctis et al. 2005). These values may be also relevant
for the lower temperatures, assuming that the results obtained by
Calla & Rathore (2012) at 31.6 GHz are relevant at 190 GHz (see
Sect. 4.3.3), with a maximum variation of 10% from 300 to 40 K,
as presented in Table 3. The imaginary part of the permittivity is
expected to decrease quasi-linearly with decreasing bulk density
(Campbell & Ulrichs 1969). The current measurements provide
an upper limit equal to 0.05 at 190 GHz. Assuming that the tem-
perature dependence of €” at 190 GHz is similar to what is ob-
tained at 31.6 GHz by Calla & Rathore (2012) (see Sect. 4.3.3),
the upper limit of €” is estimated to be approximately equal to
0.03 at 40 K.

The increasing iron oxide content causes € and €’ to in-
crease (Heggy et al. 2001, 2012). The iron oxide content of the
current samples may be higher than the oxide iron content ex-
pected for cometary dust (e.g., Lisse et al. 2006; Harker et al.
2007). In this particular case, dielectric properties expected for
an ice-free mantle composed of cometary dust would be, as de-
rived from our measurements, slightly overestimated.

The lower limit of the absorption length of the millimeter
signal received by MIRO, which would propagate through an
ice-free dust mantle of the nucleus, may be estimated from the
estimations of the real and imaginary parts mentioned above,
as presented in Table 3. As the temperature dependence of the
imaginary part of the permittivity is greater than the tempera-
ture dependence of €', as presented in Sect. 4.3.3, the absorption
length, which is inversely proportional to €”, increases with the
decreasing temperature. The lower limit of the absorption length
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for an ice-free dust mantle with a porosity of about 88% may be
at a depth of about 0.6 cm below the surface at a temperature of
about 300 K and at a depth of about 1 cm at a temperature of
about 40 K. The lower limit for an ice-free dust mantle with a
porosity of about 75% may be at a depth of about 0.7 cm at a
temperature of about 300 K and at a depth of about 1.2 cm at
a temperature of about 40 K.

These results are consistent with the interpretation of
MIRO data obtained mostly from the Imhotep region (Gulkis
et al. 2015), identified by Thomas et al. (2015) as a terrain domi-
nated by a smooth surface. Indeed, the signal measured by the
millimeter receiver of MIRO may have a diurnal component,
which suggests a sensitivity to diurnal temperature variation,
where the thermal penetration depth is of about 1-2 cm (Gulkis
et al. 2015). Given that the imaginary part is over-estimated
with respect to the porosity estimated for the whole nucleus, the
absorption length of the millimeter signal may also propagate
through more than the first centimeters of the dust mantle. This
may be consistent with the seasonal component of the millimeter
signal measured by MIRO below the diurnal layer.

4.3.5. Significance for CONSERT observations
of 67P nucleus

CONSERT, the bistatic radar dedicated to the probing of nucleus
at 90 MHz, needs estimates of the surface permittivity to de-
termine the reflecting and transmitting conditions of the radar
waves at the surface interface. Moreover, permittivity estimates
of the interior are required to produce inversion models ded-
icated to the interpretation of the data (Herique et al. 1999).
After the Philae landing, CONSERT data have been obtained
through the first hundreds of meter of the subsurface and through
the small lobe of the nucleus (Ciarletti et al. 2015; Kofman
et al. 2015). Variations in € are expected to arise from (un-
known) variations in density or porosity, in composition, and in
temperature.

Figure 7 shows the estimation of the porosity dependence of
the real part of the permittivity determined at 80 and 110 MHz.
Values of € can be assessed at 90 MHz for an ice-free dust

Table 3. Real part of the permittivity €', upper limit of the imagi-
nary part €”, and lower limit of the absorption length L, estimated at
190 GHz for regions of the nucleus coated by an ice-free dust man-
tle, as a function of the temperature from 300 to 40 K and for different
porosities equal to 50, 60, 70, 80, and 90%.

Ice-free dust mantle

Temperature (K) 300 230 40

€ (D =90%) 1.45 1.42 1.33

€ (d =80%) 1.90 1.87 1.78

€ (D =70%) 2.35 2.32 2.23

€ (D =60%) 2.80 2.77 2.68

€ (P =50%) 3.25 322 3.13
€’ <0.050 <0.045 <0.030
L, (® =90%) (cm) >0.60 >0.66 >0.95
L, (® =80%)(cm) >0.68 >0.75 >1.10
L, (® =70%) (cm) >0.76 >0.84 >1.24
L, (® =60%) (cm) >0.83 >0.92 >1.35
L, (® =50%) (cm) >0.90 >0.99 >1.46

Table 4. Real part of the permittivity € estimated at 90 MHz for an
ice-free dust mantle surrounding the nucleus, as a function of the tem-
perature from 300 to 40 K and for different porosities equal to 50, 60,
70, 80, and 90%.

Ice-free dust mantle

Temperature (K) 300 230 173 113 40
€ (D =90%) 147 138 1.14 1.05 ml
€ (P =80%) 194 1.82 151 139 1.04
€ (D =70%) 241 227 1.8 1.72 129
€ (P = 60%) 2.88 271 225 206 154
€ (D =50%) 335 3.5 261 239 1.79

Notes. m.l.: model limit, i.e., permittivity behavior with very high
porosity and cryogenic temperatures, currently under development.

mantle surrounding the nucleus, as a function of the temperature
from 300 to 40 K and for porosities equal to 50, 60, 70, 80, and
90%, as presented in Table 4.

Temperatures in the deep interior of the nucleus are ex-
pected to be of about 110 K and possibly lower (Prialnik et al.
2004; De Sanctis et al. 2005). At the frequency of interest for
CONSERT, Heggy et al. (2012) measured the permittivity of
mixtures composed of water ice and dust with different dust
mass fractions and a porosity of about 50%. Results show, for
different temperatures within the 113-233 K range, a quasi-
linear increase of € with the increasing dust mass fraction with
slopes in the range of 2 x 1073 to 6 x 1073 per percent. From
these complementary results and those presented in Fig. 7, €
in the nucleus may be assessed for low temperatures and differ-
ent dust-to-ice volumetric ratios and porosities. The values of €,
assuming a mean temperature of about 110 K, a dust-to-ice vol-
umetric ratio ([D/I]y) within the 0.1-1.5 range and a porosity
(®) range of 80 to 50% are indicated in Table 5.

For a porosity in the range of 70 to 80% for the bulk nucleus,
the real part of the permittivity is obtained to be in the range
of 1.2 to 1.7. These results are consistent with the interpretation
of CONSERT data obtained during the First Science Sequence
of the Philae lander (Kofman et al. 2015).

The question of the internal structure and the homogene-
ity of the nucleus have been the subject of speculation in the
past. For instance, to estimate the radar properties in prepara-
tion of the interpretation of the data expected from CONSERT
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Table 5. Real part of the permittivity €’ suggested for the nucleus of
67P, assuming a mean temperature of about 110 K, as a function of
the dust-to-ice volumetric ratio ([D/I]y) within the 0.1-1.5 range and a
porosity (®) range of 80 to 50%.

Nucleus

[D/1y 0.1 0.3 0.9 1.5
€ (D®=80%) 124 128 133 1.36
€ (Dd=70%) 153 158 1.65 1.69
€ D®=60%) 183 190 198 2.02
€ (D®=50%) 213 220 229 234

Notes. The particle density of the current samples is taken into account
(equal to about 2920 kg/m?). For a temperature variation equal to about
50%, €’ would change by less than 20%.

experiment, Heggy et al. (2012) considered a linear decrease of
the porosity profile inward from the nucleus surface, whereas
Kamoun et al. (2014), who have estimated a bulk density range
of approximately 600 to 1000 kg/m? for the first meters of the
subsurface of the nucleus from analysis of past ground-based
radar observations of comet 67P, did not exclude the possibility
that the bulk density decreases inward from the nucleus surface,
which would mean an increasing porosity. The composition and
the porosity of the nucleus are likely to be refined by the first de-
termination of the bulk permittivity of the small lobe of the nu-
cleus by CONSERT (Kofman et al. 2015). Moreover, analysis of
CONSERT data at grazing angles by Ciarletti et al. (2015) sug-
gests a possible near-surface decrease of the real part of the per-
mittivity below the area of the Philae’s final landing site, which
could be interpreted as an increase of the porosity with depth or
by a drop of the dust-to-ice volumetric ratio. The data presented
in Tables 4 and 5 are directly relevant to these analyses, which
are based essentially on the behavior of the real part of the per-
mittivity along the electrical path of the radar wave.

5. Conclusions

We reported new broadband measurements, under ambient lab-
oratory conditions, of the real part of the permittivity of the
JSC-1A Lunar regolith simulant and Etna volcanic ash, from
50 MHz to 6 GHz, and at 190 GHz, at which the imaginary part
was also determined. The high natural porosity of these samples,
composed mostly of silicate phases, makes them suitable to in-
vestigate the permittivity of very porous materials, such as the
nucleus of 67P and an ice-free dust mantle that is suspected to
exist in many areas of the nucleus. Without taking into account
the measurements affected by the volume scattering at 190 GHz
and by normalizing the results of the real part of the permittivity
with the bulk density from 50 MHz to 190 GHz, the results are
consistent over the entire frequency range considered, although
two different instruments were used. For all subsamples, the nor-
malized real part remains in the 2.1-2.6 range. Expressed as a
function of the porosity, the results show that for a porosity range
within 60 and 90%, the real part of the permittivity probably is
in the range of about 1.5 to 2.9 at a temperature of 300 K at
frequencies of the MIRO and CONSERT experiments onboard
Rosetta.

From morphological studies of the surface of the nucleus
67P, smooth surfaces were identified and may be interpreted as
an ice-free dust mantle. In particular, the Imhotep region lo-
cated on the large lobe of the nucleus that was measured by
MIRO shows near-surface temperatures and diurnal variations,
which suggest the presence of an insulating material with very
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low thermal inertia. The measurements we reported show that
€ probably is in the 1.5-2.2 range for these regions at a tem-
perature of 300 K. This temperature may be reached by the sur-
face and the subsurface when the comet approaches perihelion in
August 2015. These values may also be applicable at lower tem-
peratures, with a reduction of at most 10% from 300 to 40 K.
In addition, the lower limit of the absorption length of the mil-
limeter signal measured by MIRO was estimated for different
values for the temperature and porosity, resulting in a range of
values between 0.6 and 2 cm. These estimations are, to first or-
der, consistent with the interpretation of the MIRO data (e.g.,
Gulkis et al. 2015; Schloerb et al. 2015).

Even though early results from Rosetta indicate a generally
dehydrated nature for the surface of the nucleus and a porous
dust mantle is strongly suspected, ice-rich materials may be ex-
pected just below the surface. Internal structures of the nucleus
may have different components, such as pure ice (mostly water
ice), ice-dust mixture, dust, and voids. At 90 MHz, the results
suggest that the real part of the permittivity for a dust mantle
probably is in the 1.1-2.2 range with a porosity of about 75%
and below 1.5 with a porosity of about 90%, taking into account
a temperature range between 300 and 40 K. For an icy nucleus
with a porosity in the range of 70 to 80% at a mean temperature
of 110 K, € probably is in the 1.2-1.7 range with a dust-to-ice
volumetric ratio between 0.1 and 1.5. By comparing the slopes
of the porosity dependence of the permittivity (this study) with
those of the temperature and the dust mass fraction dependen-
cies (available literature), one can conclude that a permittivity
variation in the whole nucleus would be mostly sensitive to the
porosity.

Permittivity measurements at microwave frequencies re-
ported in this article may have applications for other microwave
observations of solar system objects in the near-future, such as
the ExoMars WISDOM penetrating radar and the JUICE SWI
submillimeter radiometer and spectrometer and RIME penetrat-
ing radar.
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